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Computer calculations as well as an analysis of space-filling models and literature data allowed the following 
conclusions to be made: (1) an ordered spine of water in the DNA minor groove, similar to that revealed 
in the CGCGAATTCGCG crystal [1,2], seems to exist in DNA crystals, fibers and solutions; it is shown 
that this spine may be formed on A/T runs containing no TA step while on the TA step the spine is disrupted; 
(2) the existence of this spine changes the double helix structure stabilizing a definite DNA conformation; 
(3) the spine of hydration makes the DNA more stable to conformational transitions. These conclusions 
permit us to interpret a large body of experimental data on DNA crystals, fibers and solutions. The role 
of water bridges constituting the first hydration shell of the ordered spine of water is discussed in connection 
with the B-to-A transition. 
DNA structure Hydration Conformational analysis B+A transition 
1. INTRODUCTION 
The crystal structure of the CGCGAATTCGCG 
dodecamer is characterized, in particular, by the 
presence in the minor groove of its central part of 
an ordered zig-zag structure formed by water 
molecules (spine of hydration) consisting of the 
first and the second hydration shells [ 1,2]. The first 
one is formed by water molecules, each being 
hydrogen-bonded with thymine 02 and adenine N3 
atoms, thus bridging adjacent bases pertaining to 
different chains. The second shell consists of water 
molecules connecting two adjacent water 
molecules of the first shell. The existence of the 
spine of hydration in the DNA minor groove has 
been shown for different CGCGAATTCGCG 
dodecamer crystals. At the ends of the dodecamer 
it is disrupted partly because of guanine NH2 
groups [ 1,2]. The CGCGAATTCGCG dodecamer 
is in a B-like conformation. Most crystals of DNA 
fragments studied so far are in A-like conforma- 
tions and do not contain any spine of hydration in 
the minor groove [3-61. The role of the hydration 
spine has been discussed by Dickerson et al. [ 1,2] 
in relation to stabilization of the B-like conforma- 
tion and the mechanism of the B-to-A transition. 
The spine of hydration has been revealed in the 
dodecamer crystal, but neither its existence in 
DNA fibers or solutions nor its possible role has 
been investigated. 
Using space-filling models, computer calcula- 
tions and analysis of experimental data I have ex- 
amined the DNA sequences where the spine can ex- 
ist as well as its role in stabilization and changes of 
the DNA structure. 
2. METHODS 
At the first stage, space-filling models of base 
pairs and water molecules were used. We then per- 
formed computer calculations as described [7]. As 
independent parameters for optimization of energy 
of the DNA conformation we chose 5 parameters 
(D, 7, h, Bi, 02 proposed by Arnott et al. [S]) deter- 
mining the position of bases relative to the helix 
axis, 4 parameters determining the sugar ring con- 
formation and the dihedral angle x determining 
rotation around the glycosyl bond [7]. Conforma- 
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tions of antiparallel DNA chains were considered 
to be identical, the backbone phosphate groups be- 
ing completely neutralized. Energy optimization 
proceeded from structures lying in the valley of B- 
family conformations [7,9]. For convenience 
thymine was replaced by uracil, this having no ef- 
fect on the results of the calculations. To simulate 
the spine effect on the DNA structure, functions FI 
and F2 have been added to the energy value during 
its minimization. Function R = Kl(X1 - AI)~ 
reduces the distance (Xr) between NJ and/or 02 
atoms of bases water-bridged in the dodecamer 
crystal to the Ai value. Function F2 = 
Kz(& - Az)~ simulated the second hydration shell 
and reduced the distance (X2) between two water 
bridges of the first hydration shell to the A2 value. 
Ki and KZ are empirical constants. 
3. RESULTS AND DISCUSSION 
3.1. Computations show that the spine of 
hydration in the minor DNA groove can exist 
on A/T runs but is disrupted on the TA step 
We proceeded from the experimental data that 
DNA has a positive propeller twist in the B-like 
conformation [ 10,111. Using space-filling models 
of two A-T base pairs with a large (-15’ G 20”) 
positive propeller twist we have shown that it is 
possible to place a water bridge between 02.. . N3 
and 0 2.. .02 atoms on AA and AT steps, respec- 
tively. On the TA step this is impossible because of 
purine-purine clash in the minor groove. Fig.1 il- 
lustrates this situation. 
Computations confirmed the obtained results. 
Having set the twist at about 20” and the distance 
D between the helix axis and the base pair at - 1 A, 
we used other independent parameters to optimize 
the structure. The FI function was added to the 
conformation energy during minimization to 
reduce the distance between 02.. .N3 atoms to AI 
= 4.5 A, i.e. the distance necessary for the water 
bridge formation (in the study of Dickerson et al. 
[l] the distance between the atoms of water- 
bridged bases is less than 4 A, and is equal to 
4-5 A for the second hydration shell). For 
ApA : TpT this resulted in an increase of the con- 
formational energy by no more than 
2-3 kcal/mol. For ApT : TpA the energy increased 
by no more than 1 kcal/mol, while for TpA: ApT 
the increase was more than 10 kcal/mol. As the 
water bridge forming two hydrogen bonds with N3 
and/or 02 can give an energy gain of no more than 
10 kcal/mol, we conclude that the spine is 
disrupted on the TA step while it can exist on steps 
AA and AT. It should be noted that the qualitative 
conclusion did not depend on the D value (0.2 A < 
D < 3 A). On step TA when only the propeller is 
set at about 20”) a decrease of the distance between 
N3.. . N3 atoms results in an increase of D (which 
is equivalent o sliding of one base pair relative to 
the adjacent one [14]) while the conformation 
energy is somewhat decreased. But when the 
N3.. . N3 distance is reduced to 4 A, even if D ap- 
proaches 3 A the energy increases by more than 
10 kcal/mol. When the distance between 02.. .02 
and 0 2.. .N3 for AT and AA, respectively, is 4 A 
the energy increases by no more than 
2-3 kcal/mol. The conclusion that it is more dif- 
ficult to form a water bridge on step TA than on 
steps AA and AT is also valid for a smaller pro- 
peller twist (-9”). 
Fig. 1. Schematic representation of base pairs as in [13]. A, adenine; T, thymine. A and T planes form an angle 
producing a positive propeller twist. Circles denote base atoms bridged by water molecules (N3 of adenine and 02 of 
thymine). Steps TA, AA and AT are represented from left to right. The distances between circles for all steps are equal. 
On step TA a purine-purine clash would occur in the minor groove [ 121. This can be avoided by increasing the distance 
between N3 atoms of adenine, i.e. by disrupting the water bridge. On steps AA and AT there is no clash and the water 
bridge can exist. 
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3.2. ~om~utai~ons uggest that the spine of 
hydration seems to modify the DNA 
three-dimensional structure 
To determine the effect of the spine of hydration 
on the DNA structure, computer estimates were 
performed taking poly d(A). poly d(T) as an ex- 
ample. Since in the middle part of the 
CCCGAATTCGCG dodecamer where the spine of 
hydration is located the average twist angle T is 
about 36”, we performed calculations with a fixed 
value of 7 = 36” and several D values (0.2 A < D < 
1.2 A), the result being qualitatively independent 
of D. As an example we present our results for the 
structure with D = 0.6 A and 7 = 36”. The energy- 
optimal structures for D = 0.6 A and 7 = 36”, both 
with a large propeller twist (about 18O) and a 
smaller one, have a minor groove 10.5-12 A wide 
and a tilt of about - 3”. Thereafter function F, 
with A1 = 4.5 A was added to the conformation 
energy during minimization. (The second function 
FZ with AZ = 4.5 A was also added for simulation 
of the second hydration shell, but the distance XZ 
differs Little from AZ, probably because 7 was fixed 
at 36” for calculations.) The obtained conforma- 
tions with Xi - X2 - 4.5 A have a minor groove 
ofabout8.5Awideandatiltof -ST -13”.The 
energy of these conformations increases by no 
more than 2 kcal/mol base pairs as compared with 
the optimal conformation. These data suggest hat 
the spine of hydration does not seem to play a 
passive role; in contrast, it changes substantially 
the position of bases thus stabilizing a definite con- 
formation of the DNA double helix. Besides, ac- 
cording to our preliminary calculations, the spine 
of hydration perhaps somewhat increases the pro- 
peller twist, stabilizes 7 near 36” and changes ome 
other parameters of the helix. It should be noted 
once more that we have performed only estimates 
and therefore the qualitative results rather than 
quantitative ones are important. 
quence which does not contain either guanine or 
step TA, and therefore the spine of hydration can 
be formed only in this dodecamer. On other 
crystallized DNA sequences the spine of hydration 
could not have been formed even if these 
fragments had been in the B-conformation. Thus 
one of the main factors preventing a DNA frag- 
ment from undergoing the B-to-A transition upon 
crystallization could be the existence of the spine 
of hydration in its minor groove. A B-to-A transi- 
tion in all crystallized fragments except 
CGCGAATTCGCG could be promoted by the 
presence of ‘A-philic’ runs (GpG) while the 
presence of ‘B-philic’ runs (ApA) would stabilize 
the dodecamer in the B-conformation [5,15]. 
Conclusion 3.2 agrees with the fact that in the 
dodecamer middle part, where the spine of hydra- 
tion is located, the minor groove is narrower 
(-9 A), the tilt is more negative (- 8”) and the pro- 
peller twist is more positive (-20”) than on the 
dodecamer edges where there is no spine. On 
CGCGAATTCGCG edges the minor groove is 
-12 A wide, the tilt -0” and propeller twist -15” 
[10,16j. Such a widening of the minor groove on 
the dodecamer edges is probably caused by purine- 
purine clashes [12]. However, it is possible that 
compression of the minor groove (and other 
changes of the structure) in the dodecamer central 
part are caused to some extent by the spine of 
hydration (see section 3.2). 
3.3.2. Fibers 
3.3. Possible interpretation of some data on DNA 
structure 
3.3.1. Crystals 
Conclusions 3.1 and 3.2 agree with the data on 
synthetic DNA fibers. Thus, the following struc- 
tures prefer the B ’ -form: poly d(A) 1 poly d(T); 
POSY 41) -POSY d(C); poly d(A-I). poly d(T-C) 
[17], i.e. the sequences on which the spine of 
hydration can be formed (inosine is analogous to 
adenine in this respect). None of these 
polynucleotides are converted into other forms. 
Those sequences on which the spine of hydration 
cannot be formed according to our conclusions do 
not assume the B’-conformation and can be con- 
verted to different forms [I7]. 
Conclusion 3.1 permits us to understand why Recently, Arnott et al. 1181 proposed a new 
among several crystallized DNA fragments [l-6] structure for poly d(A) * poly d(T) in the 
only CGCGAATTCGCG is in a B-like conforma- B’-conformation called the heteronomous model. 
tion and why it is not converted, as are other DNA This structure differs considerably from other 
fragments, into the A-conformation. Only this models of the B-form. It is interesting to note that 
RNA fragment (its middle part) has a base se- in the heteronomous model the minor groove 
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width is -11 A, tilt - 8”, propeller -30” while in 
the usual B-form the groove width is -12 A, tilt 
-2”, propeller - 13” [ 1 S-20]. Thus we observe the 
same regularity displayed upon formation of the 
spine of hydration (according to section 3.2). It is 
quite plausible that a heteronomous-like confor- 
mation (with similar helical parameters) may be 
due to the influence of the spine of hydration on 
the DNA structure. 
Moreover, conclusion 3.2. can help us to explain 
the difference between B’- and B-forms in the 
value of h, the axial rise per residue, i.e. a 
parameter which is directly determined from the 
X-ray pattern. It is known that the h value is 
smaller for B’-DNA than for B-DNA 1171. 
3.3.3. Solutions 
Poly d(A). poly d(T) is also known to behave 
unusually in solution; it has r = 36” instead of 
33.6-34.6” for other members of the B-DNA 
family, and does not switch from B to A upon 
decrease in water activity [21-231. We think that 
poly d(A) B poly d(T) behaves in such a way 
because of the existence of the spine of hydration 
in its minor groove. 
An NMR study of CGCGAATTCGCG has 
revealed considerable premelting changes in the 
structure of the duplex central part which are 
probably due to a change of the propeller twist or 
the 7 value [24]. These premelting changes may be 
caused by destruction of the spine of hydration 
resulting in widening of the minor groove, flatten- 
ing of the propeller twist and other structural 
changes according to section 3.2. A certain con- 
tribution might be made by increased repulsion of 
phosphate groups [lo]. 
Structural variations in the Escherichia coli tyr T 
promoter region were studied by nuclease digestion 
in [14]. These authors presented evidence of a 
change in the minor groove width along the DNA 
fragment. According to [ 141, the width is minima1 
(-9 A) on A/T runs containing no TA step; on 
other runs (in particular, those containing a TA 
step) the groove is wider (-12 A). It is interesting 
to note that, according to [14], the minor groove 
width on A/T runs considerably increases with 
temperature (or DMSO addition) and achieves the 
usual width characteristic of other regions of the 
DNA fragment. These results can be interpreted 
within the limits described in sections 3.1 and 3.2, 
taking into account that the spine of hydration can 
be destructed upon heating or addition of DMSO. 
It seems that the formation of the spine of 
hydration and the related changes in the DNA 
secondary structure play a definite role in DNA 
bending. It is known that poly d(A) - poly d(T) in- 
hibits nucleosome formation [25]. Such a ‘rigidity’ 
of poly d(A). poly d(T) may be caused by the 
water spine formed on this sequence. On the other 
hand, 4 successive short (5-6 bases) A runs 
separated by 4-6 other bases seem to be largely 
responsible for the stable bend in the 121 bp K- 
DNA restriction fragment 1261. That bend can be 
attributed to purine-purine clash at the ends of A 
runs 127,281 and to an unusual heteronomous form 
proposed by Arnott et al. 118,263. We think that 
the unusual structure on A runs is formed and 
stabilized by the spine of hydration. Its destruction 
resulting, in particular, in a decrease of propeller 
twist would lead to a decrease of the bend in K- 
DNA. 
3.3.4. B-to-A transition 
We have already discussed the role of the spine 
of hydration in the B-to-A transition. In conclu- 
sion we would like to note the particular role of 
water bridges constituting the first hydration shell 
of the spine in the B-to-A transition. Thus, in 
poly d(A). poly d(T) a water bridge can form be- 
tween each two adjacent pairs and this 
poIynucleotide is always in the B-conformation, 
regardless of the water activity. On the other hand, 
poly d(G).poly d(C), where the existence of water 
bridges is excluded, is in the A-conformation even 
at a high water activity [15,17]. Polynucleotides 
poly d(A-T) q poly d(A-T) and poly d(G-C) . 
poly d(G-C), where only half of the water bridges 
can form (between T and T but not between A and 
A - see section 3.1; between C and C but not be- 
tween G and G [1,14]) switch to the A-conforma- 
tion at similar values of water activity [29]. This 
dependence between the number of water bridges 
and the readiness to undergo the B-to-A transition 
suggest hat the bridges appear to be an important 
factor stabilizing the DNA structure against he B- 
to-A transition (see [14]). 
One might suppose that a general correlation ex- 
ists between the formation of an ordered structure 
of the DNA hydration shell and the DNA confor- 
mation: a DNA fragment prefers an A-type con- 
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formation in the absence of water bridges between 
the bases, a B-like form in the presence of water 
bridges of the first hydration shell and assumes a 
B ’ -like conformation (with a narrower minor 
groove, a larger propeller twist, etc.) when a com- 
plete structure of the spine of hydration is formed. 
It is plausible that the formation and destruction 
of the spine of hydration resulting in changes of 
the DNA three-dimensional structure can have im- 
plications for biological functioning of DNA. 
ACKNOWLEDGEMENTS 
The author is grateful to Drs V.I. Poltev, V.I. 
Ivanov, V.B. Zhurkin, G.G. Malenkov, V.I. 
Bruskov, I.Ya. Gukovsky, M.M. Montrel, A.I. 
Petrov and A.A. Maevsky for critical reading of 
the manuscript and helpful discussions. 
REFERENCES 1191 
HI 
121 
131 
[41 
[51 
161 
[71 
PI 
Dickerson, R.E., Drew, H.R. and Conner, B.N. 
(1981) in: Biomolecular Stereodynamics (Sarma, 
R.H. ed.) ~01.1, pp.l-34, Adenine Press, New 
York. 
Kopka, M.L., Fratini, A.V., Drew, H.R. and 
Dickerson, R.E. (1983) J. Mol. Biol. 163, 129-146. 
Conner, B.N., Yoon, C., Dickerson, J.L. and 
Dickerson, R.E. (1984) J. Mol. Biol. 174, 663-695. 
Shakked, Z., Rabinovich, D., Kennard, O., Cruse, 
W., Salisbury, S. and Viswanitra, M.A. (1983) J. 
Mol. Biol. 166, 183-201. 
Wang, A.H.-J., Fujii, S., Van Boom, J.H. and 
Rich, A. (1982) Proc. Natl. Acad. Sci. USA 79, 
3968-3972. 
Wang, A.H.-J., Fujii, S., Van Boom, J.H., Van 
der Marel, G.A., Van Boeckel, S.A.A. and Rich, 
A. (1982) Nature 299, 601-604. 
Chuprina, V.P., Khutorsky, V.E. and Poltev, V.I. 
(1981) Stud. Biophys. 85, 81-88. 
Arnott, S. (1970) Prog. Biophys. Mol. Biol. 21, 
265-319. 
[91 
ilO1 
1111 
WI 
[I31 
[I41 
1151 
[I61 
[I71 
1181 
PO1 
1211 
WI 
1231 
1241 
v51 
WI 
1271 
WI 
1291 
Poltev, V.I. and Chuprina, V.P. (1985) in: 
Structure and Motion: Membranes, Nucleic Acids 
and Proteins (Clementi, E. et al. eds) pp.433-460, 
Adenine Press, NY. 
Fratini, A.V., Kopka, M.L., Drew, H.R. and 
Dickerson, R.E. (1982) J. Biol. Chem. 257, 
14686-14707. 
Patel, D.S., Kozlowskii, S.A. and Bhatt, R. (1983) 
Proc. Natl. Acad. Sci. USA 80, 3908-3912. 
Calladine, C.R. (1982) J. Mol. Biol. 161, 343-352. 
Dickerson, R.E. (1983) J. Mol. Biol. 166,419-441. 
Drew, H.R. and Calladine, C.R. (1984) J. Mol. 
Biol. 178, 773-782. 
Ivanov, V.I., Zhurkin, V.B., Zavriev, S.K., Lysov, 
Yu.P., Minchenkova, L.E., Minyat, E.E., Frank- 
Kamenetskii, M.D. and Schyolkina, A.K. (1979) 
Int. J. Quantum Chem. 16, 189-201. 
Drew, H.R. and Travers, A.A. (1984) Cell 37, 
491-502. 
Leslie, A.G.W. and Arnott, S. (1980) J. Mol. Biol. 
143, 49-72. 
Arnott, S., Chandrasekaran, R., Hall, I.H. and 
Puigjaner, L.C. (1983) Nucleic Acids Res. 11, 
4141-4156. 
Arnott, S., Smith, P. J.C. and Chandrasekaran, R. 
(1976) in: Handbook of Biochemistry and 
Molecular Biology, 3rd edn (Fasman, G.D. ed.) 
~01.111, pp.41 l-422, CRC Press, Cleveland. 
Amott, S., Chandrasekaran, R., Birdsale, D.L., 
Leslie, A.G.W. and Ratliff, R.L. (1980) Nature 
283, 743-745. 
Ivanov, V.I., personal communication. 
Rhodes, D. and Klug, A. (1981) Nature 292, 
378-380. 
Peck, L.J. and Wang, J.C. (1981) Nature 292, 
375-377. 
Patel, D.S., Pardi, A. and Itakura, K. (1982) 
Science 216, 581-590. 
Kunkel, G.R. and Martinson, H.G. (1981) Nucleic 
Acids Res. 9, 6869-6888. 
Wu, H.-M. and Crothers, D.M. (1984) Nature 308, 
509-513. 
Hagerman, P.J. (1984) Proc. Natl. Acad. Sci. USA 
8 1, 4632-4636. 
Zhurkun, V.B. (1983) FEBS Lett. 158, 293-297. 
Ivanov, V.I., Minchenkova, L.E., Minyat, E.E. 
and Schyolkina, A.K. (1983) Cold Spring Harbor 
Symp. Quant. Biol. 47, 243-250. 
102 
